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Grand unification theory in sight
Molecular characterization of the components of signalling
pathways that mediate disease resistance is at last providing
a unified picture of how plants fight disease.
Disease resistance in plants, as in other organisms, is the
rule rather than the exception. Plants have many different
mechanisms for combatting disease, including both non-
specific defence mechanisms and specific resistance to
particular races of a pathogen. Until recently, the differ-
ent types of resistance and the phenomena associated
with them tended to be studied in isolation from each
other, by different methods and with different intellectual
approaches. But the situation is fast changing and this
short review summarizes the connections that are now
being made between the different manifestations of dis-
ease resistance in plants. For the background to this
work, the reader is referred to an excellent review by
Dangl [1] and a review of presentations at the Seventh
International Symposium on Molecular Plant-Microbe
Interactions by Chasan [2].
Many species of plant show specific resistance to particular
races of a common bacterial or fungal pathogen. A partic-
ular cultivar or variety of plant will be resistant to certain
races of the pathogen, whereas another cultivar will be
susceptible. This type of resistance is under direct genetic
control. There are two defined genetic systems of resis-
tance [3]; here I shall deal with only one of them - the
complementary genes system. In this system, the products
of Resistance, or R, genes of the host react with the prod-
ucts of Avirulence, or Avr, genes of the pathogen, trigger-
ing a response that prevents infection. This phenomenon
can be considered as analogous to the recognition of an
antigen in the vertebrate immune system. The evolution-
ary forces on this system drive the pathogen populations to
shed their Avr genes, while the host populations spread R
genes with new and more effective specificities.
A tomato R gene, the Ptro gene, which confers resistance
to the bacterium Pseudomonas syringae pv tomato, was the
first gene of the complementary type to be characterized
[4]. There are six to nine members of the Ptro gene family
and nearly all reside within 50 kilobases of Pto [5]. The
Pto gene encodes a serine-threonine protein kinase.
Another member of the family, Fen, is 80 % identical to
Pto but confers sensitivity to the insecticide Fenthion
rather than disease resistance. Although the Ptro and Fenl
gene products seem to differ in the ligands they bind, it
seems likely that they activate the same signal transduc-
tion pathway. In the case of Fenthion sensitivity, the
Fenthion reaction with the Fen gene product results in
cell death, whereas in the case of disease resistance, the
interaction of the Ptro gene product with the product of
the avrPto gene from Pseudomonas leads to the death of
plant cells at the site of infection. A third gene, Prf, is also
tightly linked to Ptro and its action is required for the
function of both Ptro and Fen products [6]. Thus, the Prf
gene product may be a funnel into which members of
the Ptro protein family can pour their signals.
Genes conferring resistance to fungal disease have also
been identified in tomato (Fig. 1). The Cf9 gene confers
resistance to races of Cladosporium fulvumn that produce the
avr9 peptide. The Cf9 gene product seems to be a trans-
membrane protein, with most of the extracellular domain
being glycosylated and composed of 28 leucine-rich
repeats, each consisting of approximately 24 amino acids
[7]. Leucine-rich repeats form amphipathic a helices and
are believed to mediate protein-protein interactions,
including the binding of protein ligands by their receptors.
Each repeat forms a loop which is partially embedded in
an exposed 3-sheet [8]. The Cf9 product is most similar
to the polygalacturonase inhibitor proteins (PGIPs) and
the receptor-like protein kinases of plants, such as RLK5
from Arabidopsis. The PGIPs, which have 10 leucine-rich
repeats, are not membrane-bound and seem to have no
direct role in signalling, but RLK5 has 21 extracellular
leucine-rich repeats and a protein kinase domain on the
cytoplasmic side of the membrane, providing an obvious
way of transmitting signals from the leucine-rich repeats
to the interior of the cell; Cf9 lacks a kinase domain.
A membrane-bound type-2C protein phosphatase, KAPP,
with specificity for RLK5, has been shown to have a
Fig. 1. Comparison of the structure of recently described R gene
products, as deduced from the DNA sequences of the genes. Cf9,
RPS2 and N are discussed in the text; L6 is the product of a flax R
gene that confers resistance to rust (Greg Lawrence, personal
communication). Red boxes are leucine-rich repeats; purple
boxes are leucine-rich regions; Z is a leucine zipper; pointing
hands are signal sequences that direct the protein to the plasma
membrane; IL-R1 is the domain of homology with the inter-
leukin-1 receptor; the semicircular loop is a P-loop required for
binding ATP or GTP; the thick black lines in Rps2 and Cf2 repre-
sent membrane-spanning regions; and the blue ovals containing
+ or are charged regions.
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kinase interaction domain, which mediates binding to the
phosphorylated form of RLK5 in a manner reminiscent
of the phosphotyrosine-binding SH2 domain of animal
protein tyrosine phosphatases [9]. Because of the struc-
tural similarity, the RLK5/KAPP model may be par-
ticularly relevant for predicting signal transduction
interactions like those mediated by R gene products.
The Pto protein and RLK5 have certain intriguing simi-
larities and differences. The Pto gene product resembles
the cytoplasmic side of RLK5, but lacks the extracellular
leucine-rich repeats. Perhaps R gene systems have the lig-
and-binding and kinase functions split between two genes,
which would facilitate the divergence of the ligand-bind-
ing component. Thus, one could speculate that the Prf
gene may contribute the leucine-rich repeats component
of the Pto system, and other genes may contribute the
kinase function of the Cf9 system, for example either of
the two genes Rcr- I and Rcr-2, which are required for full
expression of Cf9 function [10]. Which component, if
either, actually binds the ligand remains to be established.
The structures of two other R genes have been recently
reported. From the DNA sequences, the gene products
both contain leucine-rich repeats but lack protein kinase
domains. The Rps2 gene from Arabidopsis confers resis-
tance to Ps. syringae. In addition to 14 leucine-rich
repeats, which contain numerous sites for glycosylation
and may be located extracellularly, the prospective Rps2
protein has a P-loop domain for binding ATP or GTP, a
leucine zipper, and a putative transmembrane region
[11,12]. Closely related to Rps2 is the N gene of tobacco,
which confers resistance to tobacco mosaic virus. The N
gene product differs from that of Rps2 primarily in that it
lacks the membrane-integrated region, has just four
leucine-rich repeats, and has a region of homology with
the mammalian interleukin-1 receptor, IL-1R [13]. The
N gene product thus seems to be located wholly within
the cytoplasm, which is consistent with N conferring
resistance to an intracellular pathogen.
The homology with IL-1R leads to some interesting
speculation. The binding of interleukin by IL-1R leads
to the dissociation of the protein IKB from the transcrip-
tion factor NF-KB in the cytoplasm and the migration of
NF-KB to the nucleus, where it activates genes that par-
ticipate in the immune response. Hydrogen peroxide
(H2 0,) appears to be a second messenger acting some-
where between IL-1R and NF-KB . Hydrogen peroxide
also plays key roles in the resistance response of plants
[14]. The response of a resistant plant cell is characterized
by an oxidative burst, including H2 02 accumulation,
which may begin two or three minutes after exposure to
a microbial inducer. In view of the apparently common
involvement of H2 02, it will be interesting to learn
whether the homologous domains of the N gene product
and the IL-1R have similar roles in the two pathways.
A highly conserved NADPH oxidase that accounts for
H202 production by activated mammalian phagocytes is
also responsible for its production in plant cells. A brief
exposure to concentrations of H2 02 greater than 6 mM
triggers death in cultured soybean cells several hours
later. At lower concentrations, a battery of protective
enzymes is induced. These results have been interpreted
to indicate that H2 0 2 is rapidly produced by host cells
at the site of microbial invasion and then acts both as a
trigger for programmed death of the producing cells,
where concentrations are high, and as a short-range
messenger which, at lower concentrations, induces the
production of protective enzymes by the surrounding
cells; both functions would be expected to restrict col-
onization by the pathogen. It is likely that direct toxicity
of H,202 to the pathogen also contributes significantly
to resistance.
In addition to blocking pathogens at the site of infection,
the host response can be systemic, resulting in a new state
of general resistance throughout the plant. This induced
resistance, termed systemic acquired resistance or SAR,
confers protection against viruses, bacteria and fungi to
which the plant is otherwise susceptible. The induction
of SAR depends upon the accumulation of salicylic acid.
The build-up of both salicylic acid and SAR begins
many hours after initiation of the response and continues
for several days. The immediate precursor of salicylic
acid is benzoic acid, which is normally maintained at
high levels in conjugated form [15]. The induction of
salicylic acid synthesis seems to depend primarily on the
hydrolysis of the conjugated benzoic acid to free benzoic
acid. As the salicylic acid accumulates, it is inactivated
by glycosylation.
The role of salicylic acid as a mediator of resistance has
now been extended to include the primary response con-
trolled by R genes [16]. Transgenic Arabidopsis plants
expressing the bacterial salicylate hydroxylase gene nahG,
the product of which converts salicylic acid to catechol,
became susceptible to bacteria and fungi to which they
were previously resistant. For example, plants that express
the Rps2 gene fail to mount a resistance response to
infection if they also express nahG and are, therefore,
unable to accumulate salicylic acid. Thus, the study of R
genes and the study of SAR have become mutually
supportive endeavours.
Hunts for mutants have uncovered genes that are part of
the resistance pathway downstream from the R genes. In
Arabidopsis, the mutant locus nprl prevents the salicylic
acid-mediated induction of resistance and of patho-
genesis-related proteins [17]. Presumably, salicylic acid
biosynthesis in the mutant is normal, but this has not
been verified. The typical process of lesion development
on a susceptible host is abolished by nprl, which permits
the pathogen to spread far beyond the borders that are
diagnostic in size and appearance for a given pathogen;
expression of nahG has the same effect [16]. This indi-
cates that the resistance pathway actually functions in
both resistant and susceptible cases, with the latter just
being a weak version of the former.
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Despite the similarities, the effects of the nprl mutation
differ from those of the nahG gene in some fundamental
ways. Whereas nahG blocks both R gene-mediated local
resistance and SAR, nprl blocks only SAR; the effective-
ness of avrRpt2 in eliciting resistance to Ps. syringae pv
maculicola remains undiminished in nprl mutants. This is a
remarkable finding. It suggests that localized resistance
depends only on steps that precede the action of nprl in
the signalling pathway, salicylic acid biosynthesis being
one of them, whereas SAR is caused by a step down-
stream from nprl. This bears directly on the controversial
issue of whether or not salicylic acid is the hormone that
moves from the initial site of infection to induce SAR
elsewhere in the plant. If salicylic acid accumulation and
transport are unaffected by the nprl mutation, then the
results suggest these two processes are not sufficient to
cause SAR. Conversely, if they are affected, then salicylic
acid may be the signal for inducing SAR. Grafting exper-
iments suggest that salicylic acid accumulation is neces-
sary only in cells that are acquiring resistance from a
pathogen challenge elsewhere on the plant; salicylic acid
accumulation at the site of challenge is not needed for
sending the signal [18]. The properties of the nprl
mutants also indicate that pathogenesis-related proteins,
at least the ones whose induction depends on nprl, do
not contribute significantly to localized resistance,
although they may be important for SAR. Furthermore,
nprl prevents both salicylic acid and 2,6-dichloroisonico-
tinic acid (INA) from inducing SAR, whereas nahG is
effective only against salicylic acid. This places nprl
downstream from the site of action of INA, which itself
acts downstream from or at the same site as salicylic acid.
Another class of mutants has been identified that acti-
vate the resistance pathway somewhere upstream of sali-
cylic acid accumulation, in the absence of microbial
challenge [19,20]. The normal role of such genes is
unclear but they may serve to block programmed cell
death, such as that associated with disease resistance, until
an environmental perturbation such as microbial inva-
sion. How does salicylic acid act? Pathogenesis-related
proteins, such as chitinase, have antimicrobial activity.
Their expression is induced by infection and follows the
rise in salicylic acid levels. Genes for phytoalexin and
lignin synthesis are similarly induced, and it is presumed
that this cocktail of death and destruction is what ulti-
mately halts the invasion, although causal relationships
have not been established. Salicylic acid binds to and
inhibits catalase in at least some species of plants [21],
and the resulting H2 0 2 accumulation may create a posi-
tive feedback loop with the oxidative burst, amplifying
the original signal [14].
A DNA-binding activity, ASF-1, has been identified that
seems to mediate salicylic acid-induced gene transcrip-
tion [22]. A basic leucine-zipper transcription factor,
TGA1a, is a component of ASF-1. The ASF-1 complex
binds to the as-1 element in the promoter of salicylic
acid-inducible genes, including the cauliflower mosaic
virus 35S promoter. It is possible that ASF-1 is a key
Fig. 2. The possible interconnections in the resistance response
pathway in Arabidopsis. The question mark denotes an unclear
relationship between the systemic acquired response and patho-
genesis-related genes and proteins. Mutations in acd (accelerated
cell death) and Isd (lesions simulating disease resistance
response) genes cause the accumulation of salicylic acid and
pathogenesis-related proteins and make the plants resistant to
infection; cell death in the form of spontaneous lesions also
occurs in the mutants.
component of the signal transduction mechanism that
operates between salicylic acid and the manifestation of
disease resistance.
What is most striking about these recent findings is their
interconnectedness. Studies of R genes, the oxidative
burst and SAR have been pursued for many years by sep-
arate groups of investigators. The ability to assemble a
figure (Fig. 2), even though wildly speculative, which
integrates these studies signals a major step in the scien-
tific maturity of plant pathology. With everyone now
contributing within the same conceptual framework, the
pace of progress should become even faster.
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